ABSTRACT: Advances in technologies for extracting oil and gas from shale formations have dramatically increased U.S. production of natural gas. As production expands domestically and abroad, natural gas prices will be lower than without shale gas. Lower prices have two main effects: increasing overall energy consumption, and encouraging substitution away from sources such as coal, nuclear, renewables, and electricity. We examine the evidence and analyze modeling projections to understand how these two dynamics affect greenhouse gas emissions. Most evidence indicates that natural gas as a substitute for coal in electricity production, gasoline in transport, and electricity in buildings decreases greenhouse gases, although as an electricity substitute this depends on the electricity mix displaced. Modeling suggests that absent substantial policy changes, increased natural gas production slightly increases overall energy use, more substantially encourages fuel-switching, and that the combined effect slightly alters economy wide GHG emissions; whether the net effect is a slight decrease or increase depends on modeling assumptions including upstream methane emissions. Our main conclusions are that natural gas can help reduce GHG emissions, but in the absence of targeted climate policy measures, it will not substantially change the course of global GHG concentrations. Abundant natural gas can, however, help reduce the costs of achieving GHG reduction goals.
INTRODUCTION
Advances in technologies for extracting oil and gas from shale formations have dramatically increased production in the United States. Shale gas in particular has grown rapidly, from less than one percent of U.S. production in 2000 to 34% in 2012, and projections show strong production growth continuing for the foreseeable future.
1 While production from shale gas has been concentrated in North America, world shale resources are very large, potentially adding over 30% to global technically recoverable natural gas resources. 2 With this abundance of natural gas comes a variety of questions. These questions include how shale gas will affect the national and global economy, local environments and communities, global energy markets, geopolitics, and more. In this paper, we focus on the implications of growing shale gas production for the climate.
First, we frame the questions that must be considered to understand the economic and environmental factors at play, followed by a discussion of how natural gas is used in the economy and how increased production is likely to affect those uses. Second, we examine evidence of emission impacts to date, and discuss modeling projections of how increased natural gas production could affect future greenhouse gas (GHG) emissions in a variety of sectors. Finally, we discuss policy issues, draw conclusions, and offer suggestions for future research.
Understanding the Key Dynamics: Emissions
Accounting and Decision Making. Two lines of inquiry arise in the context of how shale gas may affect the climate, relating to (i) the measurement and accounting of GHG emissions from natural gas relative to other fuels and (ii) how business, policy, and individual decisions may affect and be affected by increased abundance of natural gas.
The first is accounting for GHG emissions from natural gas at the aggregate, sectoral, and technology-specific levels. At the aggregate level, this means understanding how much and what type of GHGs are emitted during the full lifecycle, including well development, gas processing, distribution, and combustion. At the sectoral level, this means understanding how those GHG emissions compare with other fuels competing for the same market. For example, what is the potential for substituting natural gas for coal or renewables in electricity generation, and how does the price of natural gas and any associated emissions policy influence that substitution? At the technology-specific level, emissions accounting tends to focus on the implications of different technologies available for the same use. 3 For example, what are the emissions from natural gas compared to coal for producing electricity or compared to gasoline for transport?
Second, decisions across the economy may influence and be influenced by the increased supply of natural gas. In the natural gas and oil sectors, companies will decide among a range of technologies to control GHG emissions. These decisions include whether to capture and sell, flare, or vent excess natural gas at the well site, or whether to purchase low-bleed equipment for processing infrastructure. Government officials will make decisions with implications for GHG emissions, such as the U.S. EPA's proposed "green completion" standard. 4 Natural gas prices may affect decisions on national climate policies, as inexpensive natural gas can make certain policies more attractive than others. Natural gas prices will also affect decisions by manufacturers, electric utilities, and commercial and residential energy consumers, each with implications for the climate.
Unless otherwise noted, our estimates for U.S. emissions come from the U.S. Environmental Protection Agency (EPA), 5 for U.S. energy use come from the U.S. Energy Information Administration (EIA), and for global energy use and emissions come from the International Energy Agency (IEA). For forward-looking projections, we focus on projections from the U.S. EIA, which includes in its 2013 Annual Energy Outlook a High Oil and Gas Case, where estimated ultimate recovery of domestic natural gas and oil is roughly double that of the Reference Case. For international projections, we turn mainly to the IEA, which in 2011 produced a modeling scenario called the Golden Age of Gas, where global production and consumption of natural gas is assumed to increase substantially (see Supporting Information). We caution the reader not to rely heavily on the precise magnitude of the simulation results, however, which are subject to both data and model uncertainty that are unquantified.
1.2. Natural Gas Use and Greenhouse Gas Emissions in the United States. U.S. dry natural gas production of 24.1 trillion cubic feet (Tcf) in 2012 satisfied 94% of the 25.5 Tcf of U.S. natural gas consumed in 2012. 6 Consumption was split between residential and commercial buildings (7.1 Tcf), industrial users (7.1 Tcf), and electricity generation (9.1 Tcf). 7 Although the majority of recent research on GHG emissions from natural gas has focused on electricity generation, most natural gas goes to other applications. This research focus is understandable, as fuel switching between natural gas and other fuels can happen relatively quickly in the electricity sector. However, this relatively narrow focus limits the potential to understand the full GHG implications of shale gas.
EPA's 2013 GHG inventory estimated that U.S. GHG emissions in 2011 were 6.7 billion metric tons of CO 2 -equivalent (CO 2 e), the lowest annual level since 1995.
5 Eightyfive percent of these emissions were energy-related, with natural gas, coal, and oil comprising 26%, 34%, and 40% of emissions, respectively. The vast majority (90%) of total GHG emissions from natural gas are from combustion-related CO 2 , although methane emissions are an important contributor to the overall GHG footprint of natural gas (10%). EPA estimates of methane emissions from natural gas systems comprise 25% of all U.S. methane emissions, with other significant sources being livestock (32%), landfills (18%), coal mining (11%), and petroleum systems (5%). EPA's estimates of 2011 emissions assume a global warming potential (GWP) for methane of 21 over a 100-year time frame, substantially lower than in some other accounting (see Supporting Information).
1.3. Economic and Emission Implications of Increased Shale Gas Supply. Because natural gas markets and prices are principally regional rather than global, increased U.S. production has meant substantially lower prices for U.S. consumers. Lower natural gas prices have two primary effects, on overall energy consumption and on fuel substitution, with potentially divergent implications for GHG emissions (see Supporting Information for representative diagrams).
The first effect is that lower natural gas prices tend to lower overall energy prices, which encourages consumers to use more energy in aggregate. As consumers use more energy, GHG emissions would tend to increase. The other effect of lower natural gas prices is fuel substitution. With lower natural gas prices, users will consume more natural gas and less of other sources such as coal, oil, nuclear, renewables, and electricity. If natural gas primarily displaces coal and oil, emissions will tend to decrease. If it primarily displaces nuclear and renewables, emissions will tend to rise. If it displaces electricity in end-use applications, emissions will tend to decrease, though this depends on the electricity fuel mix. The key questions for climate are does fuel substitution increase or decrease emissions on net, and if it decreases emissions, is this effect overwhelmed by increased emissions from increased aggregate energy use? Additionally, policy measures can affect the production of natural gas, encourage the use of certain fuel types through regulation, taxes, or subsidies, and directly regulate GHG emissions.
To understand the magnitude of the potential impact of lower natural gas prices on aggregate energy use, let us place it in the context of overall energy use and the U.S. economy. In 2010, natural gas expenditures of $160 billion comprised roughly 1% of U.S. GDP ($15 trillion) and 13% of total U.S. energy expenditures ($1.2 trillion).
8 Because natural gas is only a small share of overall energy expenditures, and an even smaller share of overall consumption (i.e., GDP), we would not expect lower natural gas prices to produce a major change in overall energy use. Instead, macro factors, such as population growth, overall economic growth, and the composition of GDP (i.e., the share of services versus manufacturing in the economy), tend to dominate trends in energy use in the United States and globally.
In contrast, we would expect lower natural gas prices to more substantially affect fuel substitution. In the short term, natural gas can substitute for coal and oil through electricity generation dispatch decisions. In the longer term, low natural gas prices will affect investment decisions, such as power plants (displacing coal, nuclear, and renewables), heating systems (displacing electricity and fuel oil), industrial uses (displacing electricity, coal, and petroleum), and perhaps transportation (displacing petroleum, biofuels, and electricity).
Economists use demand elasticities to measure the responsiveness of consumers to changes in price. Demand elasticities summarize both near-term effects such as fuel switching, as well as longer-term effects such as technology deployment decisions. 9 Models such as EIA's National Energy Modeling System (NEMS) embody a variety of elasticities that, though uncertain, can help us estimate the magnitude of responsiveness to price changes.
For example, a demand elasticity of −1 for aggregate energy consumption would tell us that as natural gas prices decrease by 10%, aggregate energy use increases by 10%. The demand elasticities embodied in NEMS are low (less than −0.1) for the medium-and long-run effect of low natural gas prices on aggregate energy demand (see Supporting Information for detail on elasticity computations). In contrast, the fuel substitution effects are more substantial. In the residential, commercial, and industrial sectors, NEMS embodies moderate elasticities of natural gas demand with respect to natural gas prices of −0.1 to −0.5 over the mid to long term. In the electricity sector, where fuel substitution is easiest, NEMS implies large elasticities in the medium term (−2.4 in 2020) and in the longer term (−1.4 in 2040).
These elasticities suggest several things: First, low natural gas prices are likely to have a small effect on economy-wide energy use. Second, we see a modest effect in terms of encouraging fuel switching in the residential, commercial, and industrial sectors. Third, low natural gas prices appear to have a strong effect in encouraging electricity generators to switch from other fuels such as coal, nuclear, or renewables.
GREENHOUSE GAS IMPLICATIONS OF INCREASED
NATURAL GAS SUPPLY Low natural gas pricesalong with other factors including slow economic growth, increased efficiency, new power-sector regulations, and state/federal support for renewable electricityhave decreased U.S. GHG emissions from their peak in 2007. Dissecting historical emission changes into the underlying causes can be complex, however, and understanding the future implications of increased natural gas supply for GHG emissions is more challenging still.
In the remainder of this section, we review the evidence on GHG emissions from natural gas systems, and for the use of natural gas relative to other fuels for electricity, residential and commercial buildings, transport, and industry. We then review limited projections of aggregate impacts of increased natural gas supply on U.S. and international GHG emissions.
2.1. Methane and Other GHG Emissions from Natural Gas Systems. One issue to address before detailing our findings is the amount of methane that escapes from natural gas and petroleum systems, that is from systems upstream of enduse combustion, including production, processing, and transportation of natural gas.
If methane, the primary component of natural gas, is released into the atmosphere instead of being combusted, the lower CO 2 emissions associated with combustion of natural gas relative to coal and oil is partly offset; how great this offset is has become an important question. The difference between methane's medium-term (20-year) and longer-term (100-year) climate impact relative to CO 2 also plays into this discussion. 10 Because most climate change discussion has centered on longterm stabilization, however, the principal focus has been on 100-year GWPs. EPA's 2013 estimates of 2011 emissions assume a 100-year GWP of 21 for methane, though this number is low relative to the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report, which uses a 100-year GWP of 34 for methane (see Supporting Information).
According to the 2013 EPA GHG Inventory, methane emissions from natural gas systems accounted for roughly 146 million tons of CO 2 e in 2011, equal to roughly 10% of all natural-gas related GHG emissions and 1.3% of gross U.S. natural gas withdrawals in 2011. Assuming a GWP of 34, methane emissions from natural gas systems would be closer to 15% of all natural gas-related GHG emissions. Estimates from the U.S. EIA and EPA indicate that as natural gas production has surged, overall methane emissions have declined, resulting in a 23% decrease in methane emissions per unit of gross natural gas withdrawals from 2007 to 2011. However, EPA has revised their methodology on methane emissions several times in recent years, because of changes in both evidence and modeling assumptions, highlighting the uncertainty surrounding this issue. Additionally, we note that the integrated nature of natural gas and petroleum liquids production creates challenges in allocating methane emissions to different sectors (see Supporting Information).
Academia, industry, and NGOs have been trying to better characterize methane emissions, in part by conducting lifecycle GHG assessments of shale gas and "conventional" gas, then comparing those assessments to other sources such as coal for electricity, gasoline for vehicles, and other uses. Most of these studies have estimated that upstream methane and CO 2 emissions are small relative to the CO 2 emitted when natural gas is combusted for electricity, heating, or other uses. 10−20 An important note is that manythough not allof these studies rely on EPA data of various vintages, which has seen significant revisions in recent years.
A smaller set of studies suggest that methane emissions may be significantly higher. One study by Howarth et al. 21 estimates that up to 7.9% of methane produced during the lifetime of a well escapes, negating the GHG benefits of natural gas relative to coal for electricity production. However, this study relies on several unlikely or incorrect assumptions: that all methane is vented at the well pad, that natural gas transmission infrastructure is significantly more "leaky" than is generally assumed, and that no GHG benefit is derived from the greater efficiency of combusting natural gas relative to coal. 22 Atmospheric measurements taken near oil and gas fields have suggested high methane emissions in some locations. 23−26 This work generally does not make a distinction between new production sites and legacy wells or infrastructure, which may be decades old and consequently have higher emissions. Additionally, the precise source (i.e., oil and gas production, livestock cultivation, landfills, etc.) of these methane emissions is typically not clear. Thus, the implication for understanding the climate impacts of new gas development is unclear.
Some recent contributions are noteworthy. Allen et al. 27 arrive at methane emission estimates similar to EPA's most recent values based on sampling at natural gas production sites. They find methane emissions during production and completion were far lower than EPA's estimates, while emissions from sources such as pneumatic devices were substantially higher. Second, nationwide measurements by Miller et al. 28 indicate that, in some regions, methane concentrations are much higher than implied by EPA emissions estimates and that nationwide methane emissions may be 50% higher than EPA estimates. However, the share of this "extra" methane that is attributable to oil and gas systems is not certain. Brandt et al. 29 gather a variety of studies and similarly suggest that methane emissions are roughly 50% higher than EPAs estimates, though, again, the precise sourcing of these emissions presents challenges.
These studies are in some ways complementary. The first finds that emissions at recent production sites are roughly in line with EPA estimates, while the others suggest that system-wide emissions may be higher. If higher-than-expected methane emissions are coming from older sites or infrastructure, this Because electricity generation from natural gas emits roughly half the CO 2 of coal, while nuclear and renewables emit essentially no CO 2 , a simple rule of thumb can help estimate the net CO 2 impacts of natural gas substitution for electricity generation. If natural gas displaces more coal than it displaces renewables and nuclear, net CO 2 emissions will decrease. It would appear that natural gas has primarily displaced coal in the electricity sector, resulting in lower CO 2 .
But natural gas has also displaced some investment in renewables and nuclear. Davis 34 provides evidence on how low natural gas prices have delayed investments in new nuclear generation and plant uprates in the United States, and low natural gas prices were one factor cited by the operator of a soon-to-close nuclear plant in Vermont. 35 Natural gas is competing with renewables for investment dollars, as 77% of new generating capacity in 2012 came from natural gas (32%) and wind (45%). One recent analysis from Bolinger 36 describes how new wind projects have struggled to compete with new natural gas plants, even taking into account incentives for wind power.
Projected Future Impacts.
Looking forward, the EIA NEMS model projects that increased production of natural gas will continue to displace coal, nuclear and renewables, though the larger impact will be to coal. Under the 2013 EIA High Oil and Gas Case, natural gas prices for electricity generation are 39% lower than the Reference Case in 2040, and electricity prices are 14% lower economy-wide. Overall electricity consumption is 4.2% higher, andall else equalthis would increase GHG emissions. However, the composition of the fuel mix results in the opposite effect: the substitution effect dominates the aggregate demand effect. In 2040 under the High Oil and Gas Case, natural gas produces 600 TWh more electricity than under the Reference Case. This increased generation comes at the expense of coal, which produces 400 TWh less; renewables, which produce 125 TWh less; and nuclear, which produces 50 TWh less than the Reference Case.
Natural gas displaces more coal than renewables and nuclear, and as suggested by our rule of thumb, GHG emissions between 2010 and 2040 from the electricity sector are a cumulative 5.1% lower under the High Oil and Gas Case. If we assume instead that methane emissions from natural gas systems are 50% higher than EPA estimates, cumulative electricity emissions would still be 4.6% lower in the High Oil and Gas Case. If methane emissions were 25% lower than EPA's estimates, cumulative electricity GHG emissions would be 5.4% lower (for details on our calculations of GHG emissions, which adjust EIA's CO 2 -only estimates to include methane and nitrogen oxide, see Supporting Information). If we use a methane GWP of 34 instead of 21, cumulative GHG emissions are 3.8%, 4.5%, and 4.9% lower assuming methane emissions from natural gas systems are, respectively, 50% higher, equal to, and 25% lower than EPAs estimates.
In a similar analysis, Logan et al. 20 projects that under a midlevel natural gas production scenario, electricity-sector emissions would be 5% lower in 2050 relative to a low natural gas production scenario in which wind and new coal plants generate more power.
2.3. Residential and Commercial Buildings. 2.3.1. Lifecyle Emission Estimates. Roughly one-third of U.S. natural gas is used in homes and businesses, where it is combusted on-site to heat water and space. Unfortunately, research on GHG emissions for natural gas technologies in residential and commercial buildings is quite limited.
In general, direct use of natural gas for heating will tend to be more efficient, and hence less GHG-intensive, than electric furnace systems, since generating electricity involves substantial efficiency losses during combustion of the fuel and transmission of the electricity. However, if electric heating systems are supplied with low-GHG fuel sources, such as nuclear or renewables, lifecycle emissions from electric systems will tend to be lower than those using natural gas. Electric heat pumps can be more efficient than either technology, but are substantially less common in U.S. homes. 37 Depending on the electricity fuel mix, natural gas heating systems in most parts of the country will tend to have a lower GHG footprint than electric furnace systems. Two studies examining the lifecycle GHG emissions of natural gas for space heating relative to electricity find that, under most scenarios, natural gas systems will be roughly 50% less GHG-intensive than electricity. 38, 39 As for water heating, one study from the Gas Technology Institute finds that natural gas systems are less CO 2 -intensive than electricity in 46 out of 50 states, and that in most states, natural gas is roughly 60% less CO 2 intensive. The U.S. electricity grid as a whole is becoming less GHGintensive, which will make electric heating systems more climate-friendly. Additionally, high levels of methane emissions from natural gas systems would decrease the climate benefits of natural gas heating.
2.3.2. Projected Future Impacts. Our calculations based on EIA modeling results project that cumulative GHG emissions from 2010 to 2040 would be 3.3% lower in the residential and commercial sectors under the High Oil and Gas Case than in the Reference Case (−3.0 to −3.3% based on the sensitivities described above regarding methane emissions from natural gas systems and its GWP). This decrease in emissions occurs despite lower energy prices and increased consumption of electricity and natural gas in the residential/commercial sector, trends that would suggest increased emissions (see Supporting Information).
So why would residential/commercial emissions fall despite relative increases in overall energy use and in all major heating technologies? The primary factor is a decrease in GHG emissions associated with residential and commercial electricity consumption. Although residential and commercial GHG emissions from direct use of natural gas are roughly 650 million metric tons greater under EIA's High Oil and Gas Case, emissions associated with electricity use are over 2600 million metric tons lower because of a less GHG-intensive fuel mix, resulting in a net emissions decrease.
2.4. Transportation. Increased U.S. natural gas production has also increased interest in natural gas as a transportation fuel as compressed natural gas (CNG), liquefied natural gas (LNG), or other natural gas-derived fuels.
41,42 However, infrastructural challenges and high initial equipment cost have limited its adoption to date. Greater near-term potential for fuel switching exists for vehicles that either return regularly to a central fueling station (e.g., fleet vehicles) or vehicles that travel standardized routes (e.g., long-haul trucks).
A variety of lifecycle analyses show that CNG-fueled passenger vehicles tend to have a 10−30% GHG benefit relative to gasoline on a per-mile traveled basis. 15,18,43−45 As for heavy vehicles such as trucks and buses, the evidence is mixed. Some studies estimate 10−25% lower lifecycle GHGs for CNG and LNG buses relative to diesel, 43, 46 while others estimate that CNG buses and trucks have an equal or greater lifecycle GHG footprint relative to diesel. 10, 15, 18 We do not present projection results here, as none of EIA's modeling scenarios entail widespread adoption of natural gas vehicles. However, increased oil production and lower oil prices lead to substantially higher transportation-related GHG emissions under the High Oil and Gas Case.
2.5. Industrial Uses. In the industrial sector, natural gas is used for process heating by metals manufacturers, industrial boilers, petroleum refiners, and as feedstock by bulk chemicals producers. Increased natural gas production and associated lower prices has led to significant new investment in the United States by some of these industries. As prices fall, industrial users will tend to consume more natural gas, increasing on-site GHG emissions from gas consumption.
However, a potentially countervailing issue relates to international trade and consideration of global emissions rather than solely U.S. emissions. Consider an industrial natural gas user choosing to invest in the United States rather than another country (where environmental regulations may be weaker). If the company's investment and production somewhere were inevitable, a plausible scenario assuming a given level of global industrial production, investment in the United States instead of another country because of low natural gas prices could imply a global GHG emissions decrease, although U.S. emissions would rise.
There is also the potential for fuel switching in the industrial sector, which consumes significant amounts of electricity and some coal. Low natural gas prices would encourage fuel switching away from these two sources and toward natural gas, with similar GHG implications as discussed in sections 2.2 and 2.3. Fuel switching away from coal will tend to decrease GHG emissions, while fuel switching away from electricity will typically decrease emissions, though this depends on location and could change over time.
Despite some recent attention to the GHG implications of increased natural gas production for the industrial sector, 47 we are not aware of any work that investigates the factors described above in detail.
Looking forward, under EIA's High Oil and Gas Case, natural gas prices for industrial consumers are 39% lower and aggregate energy demand is 7% higher (+2.1 Quadrillion Btu (QBtu)) in 2040 relative to the Reference Case. Most of that new industrial energy demand comes from natural gas, with a smaller increase in electricity consumption, and a decrease in coal consumption, though the relatively small amount of coal consumption in the industrial sector makes this change less consequential. The net effect of these changes is a 0.4% increase in cumulative U.S. industrial GHG emissions from 2010 through 2040 relative to the Reference Case (+0.7 to +0.2% based on the sensitivities described above). This increase is not trivial but is lower than one might expect given the increase in overall industrial energy consumption of 7% in 2040. Additionally, industrial GHG emissions could decrease internationally because of greater industrial production in the United States.
2.6. Aggregate U.S. GHG Impacts of Increased Shale Gas Supply. In aggregate, our calculations based on EIA NEMS results project that high natural gas production would slightly alter economy-wide GHG emissions from what they would otherwise be. Whether the net effect is an increase or decrease depends on modeling assumptions including upstream methane emissions. Under EIA's 2013 High Oil and Gas Case, natural gas prices would be 45% lower across the economy relative to the Reference Case in 2040. Total energy use is 3% higher and GDP is one percent highertrends that would tend to increase GHG emissions if the mix of fuels remained constant. However, cumulative 2010−2040 GHG emissions from all sectors are 0.3% lower than the Reference Case (sensitivity cases including all sectors range from +0.3 to −0.5%).
If we exclude emissions from the transportation sector, where emissions increase in this scenario due primarily to higher oil (rather than gas) production, cumulative economy-wide emissions from 2010 to 2040 would be 1.4% lower than the Reference Case (sensitivity cases range from −0.4 to −1.6%). This decrease in emissions indicates that under this set of modeling assumptions, the effect of substituting toward natural gas from other fossil fuels is on the whole greater than the effect on aggregate energy demand. As shown in Figure 2 , the presumed GWP of methane and the level of methane emissions from natural gas systems plays an important role in these estimates. Additional changes in modeling assumptions would also affect these results, yielding outcomes that could imply slight increases (rather than decreases) in aggregate emissions. These results suggest that increased natural gas production is likely to have a small effect on aggregate U.S. GHG emissions. The climate benefits that are achievable through substitution for coal in the electricity sector are significant, but unlikely to substantially alter the aggregate GHG trajectory in the absence of GHG reduction policies. At the same time, a relatively high level of methane emissions from natural gas systems is unlikely to dramatically increase the trajectory of GHG emissions.
Other modeling projections find similarly modest effects. One recent evaluation of a variety of projections shows that economy-wide GHG emissions with abundant natural gas production are not significantly different to GHG emissions without abundant natural gas, 48 with some models showing high natural gas production slightly increasing GHG emissions, and others showing the opposite.
2.7. International Implications. 2.7.1. Recent Impacts. Although significant investment in shale development outside North America has begun, there is little to no commercial-scale production as of this writing. As such, current international climate impacts would be principally related to indirect international trade implications of U.S. shale development, such as those identified in section 2.5.
One such international issue is the recent increase in U.S. coal exports. These new exports raise an important question: are GHG reductions in the United States from substituting natural gas for coal being offset by the GHG emissions arising from exported coal combusted outside the United States?
The issue of attributing emissions in a globalized economy is complex, 49 and we address the question two ways. First, overall GHG emissions attributable to U.S. coal, whether consumed domestically or abroad, will be roughly proportional to the overall production of coal in the United States. We can get a sense of how increased natural gas production has affected these trends by comparing 2008, when shale gas production began to substantially push down U.S. natural gas prices, with 2012. Over the 2008−2012 period, we see that gross coal exports increased by 44 million short tons. However, U.S. coal production fell by 155 million short tons over the same time period (consumption fell by 230 million short tons). Such a large production decrease demonstrates that increased coal exports has not negated the GHG benefits associated with decreasing U.S. coal consumption.
Second, we can consider the issue from a global market perspective. U.S. net coal exports in 2012 accounted for roughly 8% of global coal trade. 50 If increased U.S. coal exports are pushing down global coal prices, they will tend to increase global coal consumption and associated emissions. However, if U.S. exports are primarily displacing exports from other regions and not substantially affecting prices, global coal consumption would tend to not be affected by these increased exports.
One recent report from the IEA 51 argues that natural gas' displacement of coal for electricity generation in the United States led to increased coal consumption in Europe in 2012, though the report projected that this trend is unlikely to persist. Additionally, increased European coal consumption may have been met by other suppliers were U.S. coal not available. Darmstadter 52 argues that increased U.S. coal exports primarily displace exports from other regions. Additional research on the global market effects of increased U.S. coal exports is needed to shed more light on this issue.
2.7.2. Projected Future Impacts. A global surge in natural gas production would have many of the same aggregate demand and substitution effects that we have discussed for the United States. Large-scale production of shale gas in countries heavily reliant on coal for electricity has the potential to decrease GHG emissions from what they would otherwise be. Increased trade in LNG also has the potential to reduce GHG emissions, as LNGdespite the energy consumed through liquefaction and transporttends to have a lower lifecycle GHG footprint than coal.
12,18,53 However, to the extent natural gas displaces zero-GHG sources such as nuclear and renewables or suffers from high levels of methane emissions from natural gas systems, this would lessen the GHG benefits internationally.
One useful assessment of how increased natural gas production could affect GHG emissions comes from the International Energy Agency (IEA). The IEA released in 2011 a scenario called the Golden Age of Gas (GAS), which projected global natural gas consumption to be 13% higher in 2035 relative to their baseline case (the 2010 New Policies Scenario), with shale and other "unconventional" formations contributing 40% of new supply. Under the GAS Scenario, global average natural gas prices are roughly $1.50-$2.00 per million Btu below the baseline case. We would expect lower energy costs to increase energy consumption to some degree, and natural gas substitution for other fuels would be the key factor in determining net GHG emission impacts.
Under the GAS Scenario, global natural gas consumption is 13% higher (476 million tons of oil-equivalent, or Mtoe) in 2035, largely substituting for coal and oil, which are 6.8% (268 Mtoe) and 2.6% (119 Mtoe) lower than the baseline case, respectively. This would tend to reduce emissions. However, overall energy demand is slightly higher (0.1%, or 17 Mtoe) under the GAS Scenario. Additionally, natural gas displaces nuclear power, which is 6% lower (77 Mtoe), and to a lesser extent renewables, whose contribution is 0.4% lower (14 Mtoe) in 2035.
Under the GAS Scenario, global CO 2 emissions are less than one percent lower in 2035 relative to the 2010 baseline case. Another projection by Edmonds and McJeon 54 estimates that increased natural gas production would have little effect on global emissions, as decreased coal consumption is offset by increased overall energy consumption and decreased deployment of nuclear and renewables.
POLICY INTERACTIONS AND CONCLUSIONS
3.1. Increased Natural Gas Production and Climate Policy Interactions. Increased supply of natural gas has the potential to decrease the costs of implementing comprehensive climate policies, but the design of the policy is important. Analyses by Jacoby et al. 55 using the MIT EPPA model and Brown and Krupnick 56 using the RFF-NEMS model show that in policy scenarios that constrain GHG emissions through a cap-and-trade program or a carbon tax, natural gas helps reduce the economic costs of achieving emissions targets. Logan et al. 20 similarly estimate that, under a federal clean energy standard, high natural gas production can help meet standards, while keeping electricity prices lower than without high natural gas production. Intuitively, providing a lower-cost, loweremission alternative to coal makes it easier to achieve GHG reductions.
It is also worth considering how low natural gas prices could interact with current and future regulations on coal-fired power plants. The EIA NEMS Reference Case projects that (beyond a small number of plants under construction) no new conventional coal power will be built in the United States, in part because low natural gas prices make new coal noncompetitive. As EPA implements GHG regulations on new and existing power plants, low-cost natural gas will reduce the expected economy-wide costs of meeting these new standards, since it has already forestalled new coal plants in the baseline.
However, abundant natural gas can increase the costs of other policies. For example, Jacoby et al. 55 show that under a national renewable electricity standard, low natural gas prices increase the incremental cost of maintaining the standard by increasing the costs of deploying renewable sources relative to natural gas.
3.2. Conclusions. 3.2.1. Shale Gas Development Has Modestly Reduced U.S. GHG Emissions. If natural gas continues to displace more coal and petroleum than low GHG-technologies like nuclear, hydro, and renewables, it will likely be a net benefit for the climate. However, high levels of methane emissions can reduce this climate benefit, and understanding of methane emissions from natural gas systems needs improvement. As technology and policy develops, natural gas systems will likely emit less methane and combustion systems will become more efficient, which would lead to further improvement in the relative GHG-intensity of natural gas, though any turnover in this type of infrastructure stock will necessarily occur gradually.
3.2.2. Shale Gas Affects Emissions beyond Just the Electricity Sector. Although the greatest research focus has been electricity generation, it is important to examine the merits of natural gas relative to other energy sources for other applications. It appears that natural gas can have climate benefits in the residential/commercial sector relative to electricity and fuel oil, and to a lesser but still significant extent for personal transportation relative to gasoline. The GHG impacts of natural gas relative to diesel long-haul trucks and buses is less clear, in part because diesel equipment is already relatively fuel efficient.
3.2.3. Shale Gas Will Likely Not Substantially Change Global GHG Concentrations on Its Own: Policy and a Range of Competitive Low-GHG Energy Options are the Key Factors. Shale gas has led to modest GHG emissions reductions, but these are not sufficient to substantially alter the future path of global GHG concentrations. For this to happen, policies would need to provide stronger incentives to switch to existing and deploy new technologies fueled by natural gas, renewables, nuclear, and fossil fuels coupled with carbon capture and sequestration. These technologies would in turn need to become more cost-competitive and more broadly deployed on an international scale.
3.2.4. Additional Research Is Needed. For a number of the issues discussed in this paper, additional research is needed. Key areas include methane emissions from natural gas systems and other sources; the emissions profiles of natural gas versus electricity and oil-based heating systems; the GHG implications of changes in international trade patterns due to shale gas growth; and the likely magnitude of substitution of natural gas for coal versus zero-carbon electricity, both in the United States and internationally.
